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etons (5). The macromolecules intercalate into single synthetic crystals, and, as a result, their fracture properties change. These protein-crystal composites break with conchoidal fractures similar to those of fractured sea urchin skeletal elements (5). The molecular structure of echinoderm skeletal elements may therefore be of interest to material scientists, as these materials are composed of large single crystals reinforced by proteins located within their lattice structure.
The aim of this study was to gain insight into this unique protein-crystal composite by determining how butky proteins can be incorporated into single crystals. As calcite crystals are extremely well ordered, it was necessary to examine their x-ray diffraction profiles with the use of highly collimated synchrotron radiation. The study focuses on the internal texture of biogenic and synthetic calcite crystals, in terms of the mosaic spread and the domain size of the crystals. The following crystals were analyzed: two pure calcite crystals; three calcite crystals containing occluded protein ranging in concentration from approximately 250 to 750 ppm (w/w) (6); two small sea urchin spines and one sea urchin tooth element (7). The diffraction data were collected at the National Synchrotron Light Source (Brookhaven National Laboratory) on beam line X7B (8). Two sets of diffraction profiles were collected for a series of hkl reflections in the w and w/20 modes (see definitions in Fig. 1 ). An analyzer crystal, introduced in front of the detector, makes possible separate measurements of the coherence length (the size of perfectly ordered crystalline domains) from w/20 reflection profiles, and of the mosaic spread (the misalignment of perfect domains) from the w reflection profiles. Representative reflections of w and w/20 scans are shown in Fig. 1, A and B, (Fig. 2) . The tooth element, for which only two reflections were measured, gave w/20 values comparable to those of the spine, but the w scans were threefold sharper. Part of the peak broadening in the spine and the tooth element, but not in the synthetic crystals, may be due to the presence of Mg. We cannot at this stage evaluate exactly the contribution of this factor, although we do note that the w/20 profiles for the spine and the tooth element have, in addition, pronounced wings ( It is evident that bulky proteins cannot be acconmnodated inside perfect lattice domains but must create a discontinuity at the site of adsorption. A simple calculation (12) shows that the average distance between macromolecules must be about 15 nm if a homogeneous distribution of proteins is assumed. Our crystallographic measurements, however, show that the synthetic crystals with occluded protein have domain sizes of about 400 nm. We, therefore, conclude that the macromolecules must be concentrated at theomosaicnbock boundaruies. An exoteinsionas ofuted calularytilon1)sggestsc thatsrughlyts 20it10 ofue prthei block' surfacnsies arovered by proteins. It is the presence of these macromolecules on the block boundaries that accounts for the observed changes.
An unexpected observation is that, at high protein concentrations within the crystal, certain reflections break up into subpeaks. These subpeaks, measured by w scans, represent slightly misaligned "superblocks" or crystallites. An evaluation of the integrated intensities of the subpeaks, relative to the total integrated intensity, indicates that each of these crystallites may constitute up to 2% of the total crystal volume. We do not know the exact manner by which the proteins cause all these changes, but it must be somehow involved in the inhibition of certain active growth sites on the crystal surface. Temporary inhibition of growth at a certain site could then conceivably induce further adsorption of protein at the same site, requiring that growth be resumed at a different location. The presence of the protein at block boundaries certainly exaggerates the nature of the boundary itself. Although we did not succeed by using x-rays in determining that the proteins are anisotropically distributed on those boundaries, we know from an earlier study (5) that the proteins are preferentially adsorbed from solution on the {10O} planes of calcite crystals during growth. On the basis of these observations and the diffraction data, we propose that the proteins, located at the boundaries of quasi-perfect mosaic blocks, generate and stabilize discontinuities at the submicrometer level. The presence of these macromolecules mainly on boundaries oblique to cleavage planes interferes with the propagation of a smooth fracture. In addition, the increased angular spread may also contribute to impairing the cleavage. If proven general, this principle may well have broader application to the material sciences as a means of creating new single crystalline composites intercalated by specifically adsorbed intracrystalline polymers.
Two reflections of a single fibrous element from a sea urchin tooth were also measured. This element is much smaller than the spine and may represent the product of a single nucleation event inside one syncytial vesicle. The domain sizes of the tooth element are similar to those of the spine, but the angular dispersion is only about one-third of that measured in the spine (Fig. 2) . This suggests that domain size is an intrinsic feature of the echinoid skeletal mineral phase. The greater angular dispersion of the spines, however, could reflect an accumulation of misalignments due to the biological "assembly" process involving the fusion of multiple skeletal elements formed in different vesicles. Moreover, electron microscope studies of fracture surfaces of echinoderm skeletal elements have revealed microstriae, needles, and laths about 200 nm wide (14), or small whiskershaped crystallites (15) with average dimensions of 360 by 130 nm. These values are similar to the average coherence lengths of the sea urchin spine, namely, 150 ? 50 nm. We do, however, emphasize that the misalignments measured here are still exceedingly small, and the mystery of how the sea urchin constructs a macroscopic, almost "perfect," single crystal, still remains. ity of such auxiliary limb structures would seem to argue against this hypothesis. Another approach has been to start with biramous (or polyramous) limbs and delete the outer exopod and the basal accessory epipodites to derive a secondarily uniramous limb (5). However, this suggestion not only begs the question of the ancestry of the biramQus limb, but also minimizes evidence that the resemblance between primary and secondary uniramous limbs is convergent. The failure of such theories to account satisfactorily for the evolution of biramous limbs has been one of the factors leading some authors to conclude that the arthropods are diphylectic or polyphylectic (3). Many investigators, however, argue that the proposition that each arthropod group evolved their numerous shared, derived characters independently strains credulity (2).
Newly discovered fossils of a problematic Mississippian arthropod, Tesnusocaris goldichi (6), provide anatomical insights that prove crucial to understanding this species (7, 8) as well as suggest a new hypothesis for the events of arthropod history. The structure of the head (Fig. 1) confirms a sister group relation of this fossil species to living nectiopodan remipede crustaceans (9). The trunk of Tesnusocaris also resembles those of extant remipedes in that regionalization of the segments and trunk limbs is absent, but an examination of the locomotory appendages of the fossils reveals a structure quite different from that of Nectiopoda and other crustaceans (Fig. 2C) . Instead of the typical, biramous appendages that were expected, we found two distinct sets of uniramous limbs on each segment. There is a midventral series, which may be unique among arthropod limbs in that they appear to be adapted for sculling (8). In addition, there is a ventrolateral series of fairly typical swimming limbs, adapted for rowing.
Detailed study of the fossils, as outlined below, suggests that these are two separate sets of uniramous limbs and not the remnants of a biramous limb whose protopodal base has fused into the body wall. (i) The wide separation of the medially situated limbs and laterally positioned appendages on our fossils seems too great to suggest that they were ever associated with a common protopod. (ii) The great differences between the apparent function of the two sets of limbs (8) suggest that they evolved separately and that they possessed distinct musculatures. (iii) The first segments of both sets of limbs resemble true coxae seen in various arthropods, rather than the mobile podites typical of the more distal parts of limbs that might be expected if the original coxa had been fused to the body wall. (iv) A comparison of the number of podomeres on the
